A global substorm electrodynamic model and a global ionospheric model were coupled in order to study ionospheric dynamics during substorms, with the focus on small-scale substorm electrodynamic and plasma structures. The simulation results show that in the expansion phase, structured precipitation and channeled field-aligned currents quickly develop in the substorm onset region. The Hall and Pedersen conductance ratio in the region increases significantly, and the magnetospheric field-aligned currents are mainly closed by highly structured Hall currents. Correspondingly, the plasma in the ionosphere also undergoes significant changes during a substorm and is highly structured in both the horizontal and vertical directions. In the substorm onset region, there are spatially separated small-scale T i and T e hot spots, downward ExB drifts, decreased total electron contents, and a lowered ionosphere. Also, there is a significant O + --> NO + conversion, leading to a great increase of NO + and a lowering of the O + peak height. These small-scale electrodynamic and plasma structures are very important for more realistically simulating the ionospheric dynamics during substorms. These results not only help to elucidate the multiscale ionospheric responses to substorms but also provide a theoretical guidance and cautions for the interpretation of various substorm observational data.
Introduction
Since the concepts of auroral substorms [Akasofu, 1964] and magnetospheric substorms [Akasofu, 1968] were first proposed, significant progress has been achieved in the study of substorms.
It has been realized that a substorm is not a localized auroral phenomenon in the auroral oval regions, but instead is a global transient response of the coupled magnetosphere-ionosphere (M-I) system to the dynamic forcing of the solar wind. It is also known that a substorm involves the interactions between large numbers of plasma processes with various temporal and spatial scales in the vast regions of the magnetosphere and ionosphere [e.g., Lui, 1991] . For the present substorm study it is necessary to put all the important plasma processes into a unified global frame and focus on the cause-effect relationships between these physical processes instead of treating them as isolated elements.
Along the line of such an evolution of our knowledge about substorms, the present observations tend to increasingly use multi-instrument and multisite measurements (ground-based and in situ) to form a coherent global time-varying picture of substorms in order to study the roles played by individual physical processes in the global dynamics of substorms and their interrelationships [e.g., Rostoker, 1991] . In such an observational endeavor, the timing of key physical events with a resolution of the order of minutes in a unified substorm frame has its fundamental importance.
On the other hand, numerical simulations using global physical models have been widely used to explore both the global picture of substorm dynamics and the interconnections among various substorm-related plasma processes.
In the magnetosphere this research endeavor has been represented by Copyright Kan [1990] , and Kan and Sun [1996] to study the ionospheric dynamics of substorms. The use of the substorm model to provide the magnetospheric drivers needed by the ionospheric model has several advantages. First, the calculated convection and precipitation patterns not only are time-dependent, global, and self-consistent but also contain small-scale substorm dynamical features, including sharp convection reversals, channeled precipitation and field-aligned currents, and fine auroral structures. Both the global-scale and small-scale substorm electrodynamic features in the ionosphere calculated by the substorm model are in good agreement with observations. These global patterns with small-scale substorm dynamical features are essential for more realistically simulating the ionospheric dynamics during substorms, and using them as the magnetospheric drivers helps to fully utilize the capability of present global ionospheric models. These patterns also have a high spatial resolution (tens of kilometers) and a good temporal resolution (a few seconds), which are well in line with the resolutions of global ionospheric models.
Some preliminary results of this work have been presented in a previous paper [Schunk et al., 1997] , where the focus was on the asymptotic features of the ionospheric plasma structures that occur when a "representative" substorm reaches its expansion maximum. In this paper, we present comprehensive modeling results of both the electrodynamic and plasma features of the ionospheric dynamics during a substorm, with the focus on the temporal and 3-D spatial variations.
Substorm and Ionospheric Models
The substorm model that we used to produce time-dependent convection and precipitation patterns in the ionosphere was based on a substorm model described by Zhu and Kan [1990] , with the physical scenario closely following that proposed by Kan et al. [1988] and Kan and Sun [1996] . In this substorm model the growth phase is initiated by an enhanced global magnetospheric convection that is driven by enhanced reconnection at the dayside magnetopause due to a southward turning of the interplanetary magnetic field. Alfv6n waves are launched in association with the enhanced magnetospheric convection. When the Alfv6n waves arrive in the ionosphere, they zan be partially reflected, and the features of the reflected w•ves depend on the conductivity in the ionosphere. At the same time, the precipitation associated with the Alfv6n waves enhances the ionospheric conductivity, and the temporal change of the ionospheric conductivity launches secondary Alfv6n waves toward the magnetosphere. These Alfv6n waves provide the coupling between the ionosphere and magnetosphere during the substorm. The enhanced global magnetospheric convection associated with a southward turning of the IMF not only drives the growth phase of the substorm, which is mainly a directly driven process, but also causes the thinning of the plasma sheet [Kan and Sun, 1996] . The plasma sheet thinning eventually leads to reconnection and dipolarization on the closed field lines of the plasma sheet, which is mainly an unloading process, and the observed localized enhanced convection and wedge-like fieldaligned currents are produced from the reconnection. These localized convection and field-aligned currents are again carried by Alfv6n waves, and the time when they arrive in the ionosphere represents the beginning of the expansion phase of the substorm. The substorm development in the ionosphere during the expansion phase is controlled by the M-I coupling processes, with the Alfv6n waves associated with these localized convection and field-aligned currents as driving forces. In the above physical scenario, which is adopted in our model, the ionosphere plays an active role in the substorm development, and this is most apparent when the secondary Alfv6n waves are launched from the ionosphere.
The basic mathematical formulation of the substorm model has been described by Zhu and Kan [1990] . Several improvements of the present substorm model over the previous M-I coupling models of substorms [Kan et al., 1988; Zhu and Kan, 1990; Kan and Sun, 1996] need to be listed here. In the previous models a constant ratio of Hall and Pedersen conductances was assumed. In reality, the hardness of the substorm auroral precipitation is highly variable in both space and time. The variation of precipitation hardness can lead to an enhanced ionospheric conductivity with different characteristics (Hall conductivity versus Pedersen conductivity), thereby leading to a different closure of the magnetospheric currents in the ionosphere. Hence the assumption of a constant conductivity ratio was removed in the present substorm model and an energydependent ionization treatment for substorm auroral precipitation was included, in which the conductivity ratio is allowed to vary both spatially and temporally according to the hardness of the substorm auroral precipitation. Also, in the previous models the self-consistency between the quiet-time (presubstorm) ionospheric background convection and precipitation patterns was overlooked. In the present model, self-consistent background convection and precipitation pac'.•ns were obtained from an asymptotic solution of a time-depenclcr,• simulation. The self-consistent, quiet-time, background convection and precipitation patterns help to improve the self-consistency of the entire substorm simulation and prevent unrealistic sharp gradients during the substorm growth and expansion phases in the simulation.
One important strength of the present model and its base version [Zhu and Kan, 1990 ] over the other M-I coupling models [Kan et al., 1998; Kan and Sun, 1996] is the use of a fully timedependent electron continuity equation for calculating the ionization caused by substorm auroral precipitation, instead of an algebraic relation for the field-aligned current intensity and Hall conductance that is not differentiable [Kan and Sun, 1996] . The significance of using such a time-dependent equation in the M-I coupling model of substorms is twofold. First, it substantially increases the temporal resolution of the model (from a few minutes to a few seconds). Second, it includes a new characteristic timescale in the substorm simulation, which is the recombination timescale of the ionospheric ionization process.
This not only allows the interaction between two physical processes with different characteristic timescales in the model, one being the Alfv6n wave propagation between the magnetosphere and ionosphere (timescale of a few minutes) and the other being the ionization process caused by precipitation (timescale of tens of seconds), but also allows the ionosphere to launch secondary Alfv6n waves toward the magnetosphere. Such secondary Alfv6n waves propagating from the ionosphere to the magnetosphere are generated by the temporally changing ionospheric conductivity, and these waves can be very strong at The substorm growth phase started at t=0 min (1200 UT), which is when the Alfv6n waves associated with the enhanced magnetospheric convection that was initiated at the dayside magnetopause reached the ionosphere. A two-cell convection pattern with a polar cap potential drop of--73 kV (shown in Figure l d ) was adopted for such an enhanced convection carried by the Alfv6n waves. These global-scale Alfv6n waves were the driving forces for the growth phase dynamics in the ionosphere, which lasted --24 min. Note that since the ionospheric conductivity is finite and anisotropic, such an magnetosphereoriginated enhanced convection cannot be fully loaded on the ionosphere and can also be distorted. The enhanced convection actually loaded on the ionosphere at t=0 min (1200 UT), which is different from the convection pattern shown in Figure ld , is selfconsistently determined in the simulation by calculating the reflected Alfv6n waves at the ionosphere. Since the energy source of the global-scale Alfv6n waves is from the solar wind, the physical process during this period is mainly a directly driven process. At the end of the growth phase, the wedge-like fieldaligned currents and localized enhanced convection were produced from the reconnection in the plasma sheet, and they were again carried by earthward propagating Alfv6n waves. When these waves arrived in the ionosphere, the expansion phase started. Since the energy source for the waves carrying the wedge-like field-aligned currents and localized enhanced convection was from the plasma sheet, the physical process during the expansion phase in this simulation is mainly an unloading process. The simulation continued until t=35 min (1235 UT), which is when the substorm reached the expansion maximum. It should be noted that even though the driving forces for both the growth and expansion phases in this simulation were from the magnetosphere, the substorm features generated in the ionosphere were determined by the M-I coupling with Alfv6n wave propagation, and the ionosphere plays an active role via both the reflected Alfv6n waves and the ionosphere-generated secondary Alfv6n waves. connected to only one of these two physical quantities. In contrast, the structure in the Hall conductance shown in Figure 4 is quantitatively similar to that seen in the precipitation pattern. This is because the hardness of the substorm auroral precipitation is in the several keV range and such precipitation most effectively enhances the Hall conductance, leading to the similarity between the structures of these two physical quantities. In the substorm aurora breakup region, the maximum value of the Hall conductance increases from the quiet-time level of 1 mho to 9 mho at the end of the growth phase and then increases to 25 mho at the expansion maximum. As mentioned in the preceding sections, the improved substorm model removed the assumption of a constant ratio between the Hall and Pedersen conductances and allowed them to change independently with the precipitation. Our simulation results show that during the substorm, the enhancement of the Pedersen conductance in the substorm onset region is far less significant than that of the Hall conductance. The maximum value of the Pedersen conductance in this region increases from the background level of 1 mho to 6.9 mho at the expansion maximum during the substorm, which is a much smaller percentage change (a factor of 7) compared to that of the Hall conductance (a factor of 15). Also, the enhanced Pedersen conductance in the substorm onset region is relatively uniform The relatively uniform enhanced Pedersen conductance in the substorm aurora breakup region means that the highly structured magnetospheric field-aligned currents in this region cannot be closed by the Pedersen currents in the ionosphere. .. (1235 UT, curve b) , respectively. In this region the electron temperature increases significantly, with a larger increase at the higher altitudes. Such a significant increase of T e is obviously caused by hard electron precipitation in the region. T• also has a noticeable increase in the region, and the change is nearly uniform at all altitudes. Since the electric field in this region is relatively weak, owing to the existence of a high conductance, the increase of Ti is mainly caused by the coupling of T i and Te through collisions between the ions and scattering electrons, which are initially produced by the auroral precipitation.
In
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In section 3.2 we showed that there is a lowering of the ionosphere in the substorm onset region, which is caused by downward ExB drifts. The lowering of the ionosphere can be clearly seen in the altitude profiles of Ne, where the F region peak of N e almost disappears during the substorm. In contrast, the E region peak Ne increases significantly, which is mainly due to the hard auroral precipitation in the region. In addition, the elevated e in the downward current region. It can be seen that the changes of these plasma parameters in this region due to the The ionospheric evolution during the substorm that is shown substorm are very small compared to those in the substorm aurora in Figures 2-8 represents dynamics and structuring caused by the breakup region, which is only 300 km away. The ability to M-I coupling processes in the model. Although both the growth resolve these small-scale channeled plasma structures with sharp and expansion phases were initiated in the magnetosphere, the horizontal gradients daring the substorm is made possible by the enhanced convection in both cases was still structureless and unique capabilities of the substorm model and the TDIM used in global. Hence none of the detailed structures shown in these this modeling study. These small-scale plasma structures are figures corresponds to a structure in the initial drivers or imposed important to the study of the substorm dynamics in the energy terms. As an example, the electron temperature hot spot ionosphere. The reason for these sharp small-scale plasma region, which also corresponds to the enhanced auroral structures being sustained during the substorm is not only the precipitation, Hall conductance, and electron density at 160 km, developed channeled electrodynamic structures but also because is self-consistently generated in the simulation. This region has a [Lester et al., 1996] . Detailed one-to-one qualitative and quantitative comparisons between the modeled small-scale substorm dynamic features and the observed ones and model study of specific substorm events will be very useful for validating the models and constraining the model inputs and will certainly be the future tasks for our study of small-scale substorm dynamics, but they are beyond the scope of this paper.
T• and the downward ExB drifts in the region
Summary
A comprehensive theoretical model study of ionospheric dynamics during a substorm has been conducted in which both the substorm electrodynamical and plasma structure features in the ionosphere were studied. The substorm study was accomplished by using two developed global models. One is an improved substorm model based on the work of Zhu and Kan [1990] , and the other is the USU Time-Dependent Ionospheric Model (TDIM) [Schunk, 1988; Sojka, 1989 6. There is a second T i hot spot, and it is located in the aurora breakup region. The altitude variation of the T i increase in the aurora breakup region is almost uniform, while that in the region of strong electric fields near midnight has a peak increase in the E region. The heating for the former is caused by the collisions between ions and the scattering electrons produced by the hard auroral precipitation, and the heating mechanism for the latter is the enhanced ion-neutral frictional interaction associated with strong electric fields. 7. During the substorm, there is a significant lowering of the ionosphere in the large substorm onset region owning to downward ExB drifts, where h,nF 2 decreases from 280 km (presubstorm) to 220 km (expansion maximum). Also, TEC decreases in this large region, except in the aurora breakup region where hard precipitation exists.
8. As a consequence of both the lowering of the ionosphere and the ionization associated with substorm auroral precipitation, in the substorm onset region the substorm changes of N e at altitudes lower than 300 km and at altitudes higher than 300 km show opposite temporal variations. The former increases while the latter decreases. This opposite variation of N e during the substorm does not hold in the aurora breakup region, where the ionization associated with auroral precipitation surpasses the effect of the lowering of the ionosphere. These small-scale electrodynamic and plasma structures in the ionosphere during substorms have significant theoretical and observational importance. They can not only help to understand the multiscale ionospheric responses to substorms and the active roles played by the ionosphere but also provide testable theoretical substorm predictions as well as cautions for the interpretation of various substorm observational data.
